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Association of TCN2 rs1801198 ¢.776G>C polymorphism with markers
of one-carbon metabolism and related diseases: a systematic review
and meta-analysis of genetic association studies
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ABSTRACT

Background: Vitamin B-12 (cobalamin) deficiency may produce severe
neurologic and hematologic manifestations. Approximately 20-25% of cir-
culating cobalamin binds to transcobalamin 2 (TCN2), which is referred to
as active vitamin B-12. The G allele of the TCN2 c.776G>C (1s1801198)
polymorphism has been associated with a lower plasma concentration of
holotranscobalamin. However, genotype association studies on rs1801198
have led to conflicting results regarding its influence on one-carbon metab-
olism (OCM) markers or its association with pathologic conditions.
Objective: We assessed the association of rs1801198 genotypes
with OCM marker concentrations and primary risks of congenital
abnormalities, cancer, and Alzheimer disease.

Design: We conducted a systematic review of the literature that was
published from January 1966 to February 2017 and included all
studies that assessed the association between rs1801198 and OCM
markers or a pathologic condition.

Results: Thirty-four studies met the inclusion criteria. Subjects with the
rs1801198 GG genotype had significantly lower concentrations of holo-
transcobalamin [standardized mean difference (SMD): —0.445 (95% CI:
—0.673, —0217; P < 0.001); F = 48.16% (95% CI: 0.00%, 78.10%;
P =0.07)] and higher concentrations of homocysteine (European descent
only) [SMD: 0.070 (95% CI: 0.020, 0.120; P = 0.01); I* = 0.00%
(95% CI: 0.00%, 49.59%; P = 0.73)] than did subjects with the
rs1801198 CC genotype. The meta-analysis on the association be-
tween rs1801198 and methylmalonic acid (MMA) lacked statistical
power. No significant difference was observed regarding cobalamin,
folate, and red blood cell folate. No significant association was ob-
served between rs1801198 and primary risks of congenital abnormal-
ities, cancer, or Alzheimer disease.

Conclusions: Meta-analysis results indicate an influence of rs1801198
on holotranscobalamin and homocysteine concentrations in European-
descent subjects. In addition, well-designed and -powered studies should
be conducted for assessing the association between rs1801198 and MMA
and clinical manifestations that are linked to a decreased availability of
cobalamin. This review was registered at www.crd.york.ac.uk/prospero
as CRD42017058504. Am J Clin Nutr 2017;106:1142-56.
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INTRODUCTION

Vitamin B-12 (cobalamin) serves as a cofactor for methionine
synthase [5-methyltetrahydrofolate-homocysteine methyltransfer-
ase (MTR; gene identifier: 4548)] and L-methylmalonyl-CoA mu-
tase (gene identifier: 4594) and is necessary for the transformation
of methyltetrahydrofolate to tetrahydrofolate for DNA synthesis
and for fatty acid metabolism (1, 2). Methionine synthase requires
methylcobalamin for the remethylation of methionine from ho-
mocysteine, and methylmalonyl-CoA mutase uses adenosylcobalamin
to convert methylmalonyl-CoA to succinyl-CoA (3). During di-
gestion, cobalamin is released from food, travels from the stom-
ach to the duodenum, and is bound to haptocorrin (2). In the
duodenum, cobalamin is released from haptocorrin by pancreatic
proteases and binds to intrinsic factor until it reaches the distal
ileum where a specific receptor recognizes the intrinsic factor—
cobalamin complex on ileal enterocytes, called cubilin amnion-
less (2, 4). After basal membrane crossing, cobalamin is bound to
transcobalamin 2 (TCN2), which is a 43-kDa protein (TCN2, gene
identifier: 6948), which is essential for the transport of cobalamin
into all cells in the body (4).

In a randomized, placebo-controlled study that examined the
effect of oral cobalamin treatment on fluctuations in plasma total
cobalamin and its binding proteins TCN2 and haptocorrin,
holotranscobalamin was shown to be an early marker of changes
in cobalamin homeostasis with an 82% increase of its concen-
tration after oral cobalamin treatment (5). In the plasma, co-
balamin is bound to TCN2 and haptocorrins (6). Serum vitamin
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B-12 assays measure the sum of haptocorrin-bound and TCN2-
bound cobalamin. Approximately 20-25% of circulating cobala-
min binds to TCN2 (holotranscobalamin) and, thereby, is available
for the cells of the body for meeting the metabolic demand (2, 3,
7). For this reason, holotranscobalamin is also referred to as active
vitamin B-12 (7). The lack of TCN2 results in severe megaloblastic
anemia in infancy despite normal concentrations of serum co-
balamin (8, 9).

Vitamin B-12 deficiency is a common but serious condition
(10). Results from the third NHANES from the US population
have reported a prevalence of 3.2% of low serum vitamin B-12
concentrations (<148 pmol/L) for all adults, which reaches
4.4% in individuals aged >50y (11). In 1993, Li et al. (12) first
described a variation on TCN2 codon 259 on the basis of the
sequencing of 2 complementary DNA clones encoding full-
length human TCN2. We reported that this variant was a
TCN2 polymorphism (rs1801198; NM_000355.2:c.776G>C;
NP_000346.2:p.Arg259Pro) that influences the cellular expres-
sion and plasma concentration of TCN2 and the availability of
cobalamin (13, 14), thus suggesting that there is a potential in-
fluence of rs1801198 on the concentration of one-carbon me-
tabolism (OCM) markers and primary risk of disease. Since the
previous reports, several studies have assessed the association
between the TCN2 rs1801198 and OCM marker concentrations or
primary risk of disease such as congenital abnormalities or cancer
with mixed results that have been reported, which may be ex-
plained by differences in the study design and power, genetic
background of the studied populations, and nutritional status (15).

Therefore, we performed a systematic review of the literature
and meta-analysis of studies that have evaluated the potential
association between rs1801198 and physiologic or pathologic
traits. The aims of this meta-analysis were as follows: 7) to
compared OCM marker concentrations between subjects with
GG and CC genotypes for rs1801198 and 2) to evaluate primary
risks of congenital abnormalities, cancer, and Alzheimer disease
in association with rs1801198.

METHODS

Electronic search query

A literature search was conducted of MEDLINE-indexed liter-
ature with the use of the PubMed (www.pubmed.gov) search engine
from the National Center for Biotechnology Information (January
1966 to February 2017) and the following full electronic search
strategy: rs1801198[All Fields] OR ((P259R[All Fields] OR
Pro259Arg[All Fields]) AND (TCN2[All Fields] OR (“trans-
cobalamins”[MeSH Terms] OR “‘transcobalamins”[All Fields] OR
(“transcobalamin”[All Fields] AND “ii”[All Fields]) OR “trans-
cobalamin ii”’[All Fields]) OR (“transcobalamins”’[MeSH Terms]
OR “transcobalamins”[All Fields] OR “transcobalamin”[All
Fields]))) OR ((776C[All Fields] OR 776G[All Fields] OR
776[All Fields] OR 777[All Fields]) AND (TCN2[All Fields] OR
(“transcobalamins”’[MeSH Terms] OR “transcobalamins”[All
Fields] OR (“transcobalamin”[All Fields] AND “ii”’[All Fields]) OR
“transcobalamin ii”’[All Fields]) OR (“transcobalamins”[MeSH
Terms] OR “transcobalamins”’[All Fields] OR “transcobalamin”[All
Fields]))) OR (259[All Fields] OR 232[All Fields] OR 255[All
Fields]) AND (TCN2[AIl Fields] OR (“transcobalamins”’[MeSH
Terms] OR “transcobalamins”[All Fields] OR (“transcobalamin’[All
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Fields] AND “ii”’[All Fields]) OR “transcobalamin ii”’[All Fields])
OR (“transcobalamins”’[MeSH Terms] OR “transcobalamins”[All
Fields] OR “transcobalamin”[All Fields])). Additional articles were
retrieved from primary search references. The EndNote X7.7.1
software tool was used for reference management (16). The protocol
for this systematic review was registered at www.crd.york.ac.uk/
prospero as CRD42017058504. The present meta-analysis was per-
formed in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses statement (17).

Eligibility criteria

A study was considered to be eligible for the systematic review
if it assessed the potential association between rs1801198 and a
biological trait that is related to OCM or a pathologic condition.
Both case-control candidate-gene and genome-wide—association
study approaches were eligible for the systematic review. No
language restrictions were applied.

Inclusion and exclusion criteria

Studies were included in the meta-analysis if they reported =1
outcome measure according to rs1801198 genotypes (CC, CG,
and GG). Studies were excluded from the meta-analysis for the
following reasons: I) review paper; 2) letter to the editor with
insufficient data for tabulation on OCM markers; 3) no OCM
marker data according to rs1801198 genotype available; 4) no
data on rs1801198 or no genotype counts for rs1801198; 5) the
number of subjects in each rs1801198 genotype subgroup was not
reported; and 6) the data were reported in a previously published
study (see Supplemental Table 1 for detailed exclusion grounds
for articles that were excluded from the systematic review).

Data extraction

The following data were extracted, when available, on the basis
of a predefined protocol with the use of Microsoft Excel 2016
software (Microsoft Corp.): first author, year, country, population
ethnicity, study design, congenital abnormality disorder, and type of
cancer. In the case of a binary trait (congenital abnormality, cancer, or
Alzheimer disease) the following additional criteria were extracted:
numbers of subjects with CC, CG, and GG genotypes of rs1801198 in
cases and controls. In regard to continuous variables, the following
items were extracted: OCM marker, number of subjects, mean, SD,
95% ClI, median, IQR, and range (minimum to maximum) for each
1 of the 3 genotypes of rs1801198 (CC, CG, and GG). Four in-
vestigators (AO, JL, PF-T, and J-LG) independently reviewed the
titles and abstracts of all citations that were identified by the literature
search. Eligible articles were reviewed in triplicate in an independent
manner by 3 investigators (AO, JL, and PF-T). Any disagreement in
the data extraction was resolved by consensus. To calculate the pooled
effect size for OCM-marker comparisons across genotypes, de-
scriptive data that were reported as the median and range and, if
available, the IQR were converted to means = SDs according to the
validated method described by Wan et al. (18).

Quality assessment

All eligible studies were assessed for their quality with the use
of the validated Strengthening the Reporting of Genetic Association
Studies (STREGA) Reporting Recommendations framework (19).
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A quantitative STREGA score was calculated for each study and was
based on a list of 19 items (Supplemental Tables 2—4). Concomi-
tantly, a post hoc power calculation and adequate sample-size esti-
mation were performed for each OCM biomarker on the basis of
data from studies that were included in the meta-analysis ac-
cording to the method described by Julious (20) (Supplemental
Tables 5 and 6). Regarding binary outcomes, the study power and
adequate sample size were calculated on the basis of allele fre-
quencies of the rs1801198 in the European (non-Finnish) pop-
ulation from the Exome Aggregation Consortium (http://exac.
broadinstitute.org), an « risk of 0.05, a genotype relative risk of
2.0, and a disease prevalence of 10%, with the assumption of both
allelic and additive models according to the algorithm of Skol
et al. (21) (Supplemental Table 7).

Outcome measures

The outcome measures were defined a priori. The meta-analysis
evaluated the following 4 groups of outcome variables: /) OCM
markers, 2) congenital abnormalities, 3) cancer, and 4) Alzheimer
disease. The OCM markers group included holotranscobalamin,
vitamin B-12, homocysteine, methylmalonic acid (MMA), folate,
and red blood cell (RBC) folates. The congenital abnormalities
group included spontaneous abortion, female infertility, neural
tube defect, cleft lip, and Down syndrome. The cancer group
included colorectal tumors, glioblastoma, primary central nervous
system lymphoma, and ovarian cancer.

Data synthesis and analysis

Data were collected and tabulated with the use of Microsoft Office
Excel 2016 (Microsoft Corp.). Data were not used for analyses
whenever outcomes of interest were not clearly stated. For the
comparison of OCM marker concentrations between subjects with
CC and GG genotypes for the rs1801198, we used Hedges’ g statistic
as a formulation for the standardized mean difference (SMD) to-
gether with the 95% CI. The SMD Hedges’ g is the difference
between the 2 means divided by the pooled SD with a correction for
small sample bias. The heterogeneity statistic was incorporated to
calculate the summary SMD under the random-effects model ac-
cording to the procedure of DerSimonian and Laird (DL) (22). The
robustness of results was assessed via sensitivity analyses. The
number of studies that were required for reaching statistical sig-
nificance on the basis of calculated pooled means = SEs was es-
timated for each OCM marker with consideration of an « risk at
0.05 and a statistical power of 80% (20) (Supplemental Tables 5 and
6). For binary outcomes (primary risks of congenital abnormalities,
cancer, and Alzheimer disease), categorical measures were sum-
marized with the use of counts and percentages. The following
2 genetic models were used for the assessment of the association
between rs1801198 and binary outcomes: CC compared with
CG/GG and GG compared with CG/CC. The estimated effect
measure was the OR with 95% CI. The overall summary from
the meta-analysis was calculated by combining all studies, and the
meta-analysis was performed with the use of the random-eftects
model (DL) (22). The calculated summary effect was denoted by
the solid diamond at the bottom of the forest plots, the width of
which represents the 95% CI. A pooled analysis of studies that
have assessed European-ancestry subjects was performed when
=5 studies were reported for a specific outcome measure. When
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the P value that was associated with the DL model was between
0.01 and 0.05, the 95% CI of the pooled effect size and its as-
sociated P value were calculated with the use of the Hartung-
Knapp-Sidik-Jonkman (HKSJ) procedure (23). We assessed
significance for heterogeneity using the x*-based Q statistic and the
F statistic for the extent of heterogeneity. Heterogeneity was con-
sidered significant at P < 0.1 and when F was >50% (24). Pub-
lication bias was assessed with the use of funnel plots (25). In a
sensitivity analysis, the relation between rs1801198 and the con-
centration of holotranscobalamin according to the STREGA score
was evaluated via a metaregression using weighted linear re-
gression. All reported P values were 2 sided with & = 0.05. The
meta-analysis was performed with the statistical software packages
Comprehensive Meta-Analysis (version 2.2.050; BioStat Software)
and MedCalc for Windows (v16.8.4; MedCalc Software).

RESULTS

Literature search results

The search strategy generated 90 citations of which 66 cita-
tions appeared to be relevant to the systematic review. Of these 66
studies, 32 studies were excluded on the basis of the selection
criteria, which left 34 studies that were eligible for the systematic
review a Preferred Reporting Items for Systematic Reviews and
Meta-Analyses flowchart is shown in Figure 1). Of the 34 se-
lected studies, 12 studies were related to OCM markers (Table
1) (14, 26-36), 16 studies were related to primary risk of con-
genital abnormalities (Table 2) (37-52), 5 studies were related
to cancer (Table 3) (53-57), and 2 studies were related to
Alzheimer disease (Table 4) (30, 58). One study addressed 2
outcomes, namely holotranscobalamin as an OCM marker and
Alzheimer disease as a binary outcome (30).

Association between rs1801198 and concentration of OCM
markers

Holotranscobalamin

Seven studies on 1481 subjects assessed the concentration of
holotranscobalamin according to rs1801198 (26-32). Of these
studies, 6 studies used a radioimmunoassay method (2628, 30—
32), and 1 study used an ELISA method (29), for quantifying
holotranscobalamin. With the use of a random-effects model, the
holotranscobalamin concentration was significantly lower in sub-
jects with the GG genotype than in those with the CC genotype
with an SMD = SE of —0445 = 0.116 [95% CL: —0.673,
—0.217; P < 0.001 (DL)] and an F* of 48.16% (95% CI: 0.00%,
78.10%; P = 0.07) (Figure 2A, Table 5). The Funnel plot showed a
low risk of bias (Supplemental Figure 1). Results were similar when
the pooled effect size was calculated on the 5 studies (26-30) that
have assessed European-ancestry subjects (SMD =+ SE: —0.524 =
0.194; 95% CI: —0.906, —0.141; P = 0.007 (DL); I* = 61.02%;
95% CI: 0.00%, 85.37%; P = 0.04). The pooled mean concentration
of holotranscobalamin was 19% lower in subjects with the GG ge-
notype (57.486 pmol/L; 95% CI: 37.900, 77.072 pmol/L) than in
those with the CC genotype (71.135 pmol/L; 95% CL: 50.274,
91.997 pmol/L) (Figure 2B, Supplemental Table 5). According to
holotranscobalamin reference values that were reported by Refsum
et al. (59), subjects with the GG genotype were at risk of exhibiting
holotranscobalamin concentrations below the reference range
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Supporting Material Supplemental Table 1.

(Figure 2B). Indeed, the probability of presenting a holo-
transcobalamin concentration <42 pmol/L ranged from 0.3% in a
subject who harbored an rs1801198 CC genotype to 10.6% in a
European-ancestry subject who harbored an rs1801198 GG geno-
type (Figure 2B). Furthermore, we calculated the pooled effect size
after excluding the study by Zetterberg et al. (29), which used an
ELISA method and showed similar results with an SMD of —0.479
[95% CI: —0.731, —0.228; P < 0.001 (DL)] and an I of 54.16%
(95% CI: 0.00%, 81.64%; P = 0.05). The number of studies that
were needed to reach significance on the basis of calculated pooled
means was 9, thereby corroborating the robustness of the meta-
analysis (Supplemental Tables 5 and 6). In a meta-regression
analysis, the STREGA score did not significantly influence the
SMD for the comparison of holotranscobalamin concentrations
between subjects with an rs1801198 GG or CC genotype (meta-
regression slope: 0.05; 95% CI: —0.08, 0.18; P = 0.46).

Homocysteine

Eleven studies in 13,139 subjects assessed the concentration of
homocysteine according to rs1801198 (14, 26-29, 31-36). When
all studies were included in the meta-analysis, the homocysteine
concentration was not significantly higher in subjects with the GG
genotype than in those with a CC genotype with an SMD = SE of
0.112 *+ 0.058 [95% CI: —0.020, 0.240; P = 0.09 (HKSJ)] and an I*

of 36.23% (95% CI: 0.00%, 68.66%; P = 0.11) (Figure 2C, Table 5).
The funnel plot showed risk of bias that was related to the study by
Sawaengsri et al. (36) (Supplemental Figure 1). When the meta-
analysis included only the 8 studies in European-ancestry subjects
(14, 26-29, 33-35), homocysteine was significantly higher in subjects
who harbored the GG genotype than in those with the CC genotype
with an SMD = SE of 0.070 = 0.021 [95% CI: 0.020, 0.120;
P =0.01 (HKSJ)] and no heterogeneity (P = 0.00%; 95% CI: 0.00%,
49.59%; P = 0.73) (Supplemental Figure 1, Figure 2C, Table 5).

Other OCM markers

No significant difference was shown between subjects with the
rs1801198 CC genotype and those with the GG genotype re-
garding concentrations of vitamin B-12 (n = 13,062), MMA
(n =10,922), and folates (n = 11,263) or RBC folates (n = 880)
(Figure 3, Table 5). On the basis of calculated pooled means =
SEs, the number of studies that were required for reaching
significance for vitamin B-12, MMA, folates, and RBC folates
were 30, 11, 447, and 84, respectively. Thus, with only 4 studies
included, the meta-analysis on the association between rs1801198
and MMA lacked statistical power. The Funnel plot showed risk
of bias that was related to studies that were reported by
Sawaengsri et al. (36) and McCaddon et al. (30) in relation to the
vitamin B-12 meta-analysis (Supplemental Figure 1).
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TABLE 3
Studies that assessed risk of cancer according to the TCN2 rs1801198 (¢.776G>C) polymorphism'
Cases, n Controls, n
STREGA

Reference score Type of cancer Country (ethnicity) Study design ~ Total CC/CG/GG Total  CC/CG/GG

Hazra et al., 14 of 19 Colorectal adenoma United States (Caucasians)  Case-control 522 150/273/99 522 182/248/92
2007 (53)

Koushik et al., 14 of 19 Colorectal cancer United States (Caucasians)  Case-control 349 119/168/62 796 249/392/155
2006 (54)

Semmler et al., 12 of 19 Glioblastoma multiforme  Germany (Caucasians) Case-control 328 92/151/85 400 110/180/110
2006 (55)

Kurzwelly et al., 110of 19  PCNSL Germany (Caucasians) Case-control 185 61/76/48 212 57/100/55
2010 (56)

Pawlik et al., 12 of 19 Ovarian cancer Poland (Caucasians) Case-control 134 50/58/26 160 48/77/35
2012 (57)

'PCNSL, primary central nervous system lymphoma; STREGA, Strengthening the Reporting of Genetic Association Studies; TCN2, transcobalamin 2.

Association between rs1801198 and primary risk of
congenital abnormalities

Sixteen studies in 7003 subjects (cases: n = 2771; controls:
n = 4232) assessed the association between rs1801198 and primary
risk of congenital abnormalities (37-52). No significant association
was observed between the rs1801198 CC genotype and primary
risk of congenital abnormalities [OR: 0.951; 95% CI: 0.819, 1.104;
P =0.51 (DL); F = 31.32%; 95% CI: 0.00%, 61.75%; P = 0.11].
Similarly, no significant association was observed between the
151801198 GG genotype and primary risk of congenital abnor-
malities [OR: 1.086; 95% CI: 0.928, 1.272; P = 0.30 (DL);
F =32.90%; 95% CI: 0.00%, 62.60%; P = 0.09] (Figure 4, Table
6). A subgroup analysis according to the congenital abnormality
subtype did not show a significant association when taking into
account the CC compared with CG/GG or GG compared with
CG/CC models (Table 6). The Funnel plot showed risk of bias re-
lated to the study by Zetterberg et al. (37) (Supplemental Figure 1).

Association between rs1801198 and primary risk of cancer

Five studies in 3608 subjects (cases: n = 1518; controls:
n = 2090) assessed the association between rs1801198 and
primary risk of cancer (53-57) and showed no significant as-
sociation using both the CC compared with CG/GG model
[OR: 1.059; 95% CI: 0.846, 1.326; P = 0.62 (DL); I? = 54.85%;
95% CI: 0.00%, 83.34%; P = 0.07] or the GG compared
with CG/CC model [OR: 0.964; 95% CI. 0.817, 1.136;
P =0.66 (DL); F = 0.00%:; 95% CI: 0.00%, 27.65%; P = 0.90]

(Figure 5). The Funnel plot showed low risk of bias (Supple-
mental Figure 1).

Association between rs1801198 and primary risk of
Alzheimer disease

Two studies in 391 subjects (cases: n = 185; controls: n = 206)
assessed the association between rs1801198 and primary risk of
Alzheimer disease (30, 58) and showed no significant associa-
tion using both the CC compared with CG/GG model [OR:
1.058; 95% CI: 0.428, 2.616; P = 0.12 (DL); I° = 72.36%;
95% CI: 6.71%, 91.81%; P = 0.03] or the GG compared with
CG/CC model [OR: 1.502; 95% CI: 0.889, 2.539; P = 0.13 (DL);
F = 0.00%; 95% CI: 0.00%, 91.53%; P = 0.67).

DISCUSSION

This meta-analysis established that subjects with the
rs1801198 GG genotype had significantly lower concentrations
of holotranscobalamin with a moderate-to-high effect size and
higher concentrations of homocysteine (European descent only)
than did subjects with the rs1801198 CC genotype. These results
potentially support the relevance of holotranscobalamin as an
active vitamin B-12 status marker because no significant effect
was shown on cobalamin concentrations. No significant differ-
ence was observed regarding concentrations of MMA, folate, and
RBC folate. Furthermore, no significant association was observed

TABLE 4
Studies that assessed risk of Alzheimer disease according to the TCN2 rs1801198 (c.776G>C) polymorphism'
Cases, n Controls, n
STREGA

Reference score Country (ethnicity) Study design Total CC/CG/GG Total CC/CG/GG

McCaddon et al., 12 of 19 United Kingdom (Caucasians) Case-control 65 16/34/15 71 26/36/9
2004 (30)*

McCaddon et al., 12 of 19 United Kingdom (Caucasians) Case-control 94 32/45/17 107 42/50/15
2004 (30)*

Cascalheiraetal.,, 11 of 19 Portugal (Caucasians) Case-control 26 11/8/7 28 4/1717
2015 (58)

'STREGA, Strengthening the Reporting of Genetic Association; TCN2, transcobalamin 2.

2 Clinical series.
3 Histopathologic series.
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A Holo-transcobalamin

First author, year (Reference)

(rs1801198, GG minus CC)
SMD (95% Cl)

Miller, 2002 (EUR) (26) — | -0.556 (-1.065, -0.046)
Fadinger, 2003 (EUR) (27) S W— -0.003 (-0.513, 0.507)
Wans, 2003 (EUR) (28) —_— -0.840 (-1.322, -0.359)
Zetterberg, 2003 (EUR) (29) —_—— -0.181 (-0.782, 0.421)
McCaddon, 2004 (EUR) (30) S -1.080 (-1.722, -0.439)

von Castel-Dunwoody, 2005 (31)
Garrod, 2010 (32)

-0.372 (-0.667, -0.077)

RE: DL model
Test for heterogeneity: 12 = 48.16%; P = 0.07

P <0.001

I
—{+ -0.314 (-0.592, -0.035)
i

-0.445 (-0.673, -0.217)

20 15 10 05 00 05 1.0

Standardized

Mean Difference

B Holo-transcobalamin (comparison with reference values)

Reference range (p5, p95), Refsum 2006
Meta-analysis, rs1801198 CC
Meta-analysis, rs1801198 GG

Meta-analysis, rs1801198 CC (EUR)

10.
Meta-analysis, rs1801198 GG (EUR)

0.3% 0
5.7%= 0

1.4%: D

%=

T

T T T T
20 40 60 80 100 120 140 160

T T T

Holo-transcobalamin (pmol/L)

c Homocysteine (rs1801198, GG minus CC)
First author, year (Reference) SMD (95% CI)
Namour, 2001 (EUR) (14) s U m— 0.175 (-0.283, 0.634)
Miller, 2002 (EUR) (26) o S E— 0.332(-0.172, 0.835)
Fodinger, 2003 (EUR) (27) —_— 0.170 (-0.341, 0.680)
Wans, 2003 (EUR) (28) —_— 0.130 (-0.334, 0.593)
Zetterberg, 2003 (EUR) (29) { 0.463 (-0.145, 1.072)
Winkelmayer, 2004 (EUR) (33) —+— 0.135(-0.079, 0.348)
von Castel-Dunwoody, 2005 (31) H— 0.010 (-0.193, 0.393)
Fredriksen, 2007 (EUR) (34) ] 0.061 (0.006, 0.117)
Garrod, 2010 (32) —— -0.134 (-0.412, 0.144)
Stanistawska-Sachadyn, 2010 (EUR) (35) —{}— -0.030 (-0.251, 0.191)
Sawaengsri, 2016 (36) ——{— 0.722(0.294, 1.150)
RE: DL model (All studies) P=0.04 & 0.112(0.007, 0.217)
RE: HKSJ model (All studies) P=0.09 - 0.112 (-0.020, 0.240)
Test for heterogeneity: I = 36.23%; P =0.11
RE: HKSJ model (EUR) P=0.01 i® 0.070 (0.020, 0.120)
Test for heterogeneity: 2= 0%; P=0.73

1

I
-0.5

T T
0.0 0.5 1.0 1.5

Standardized Mean Difference

FIGURE 2 SMD for holotranscobalamin between subjects with the GG and CC genotypes for rs1801198 (A). The calculated summary effects are
denoted by the solid diamonds at the bottom of the forest plots, the widths of which represent the 95% ClIs. (B) Pooled mean concentrations (95% CI) of
holotranscobalamin in subjects with an rs1801198 CC or GG genotype. Pooled mean concentrations are also reported in European-ancestry subjects (EUR).
The horizontal hatchings and corresponding percentages represent the probability of exhibiting a holotranscobalamin concentration less than the threshold of
42 pmol/L. (C) SMD for homocysteine between subjects with GG and CC genotypes for the rs1801198. When the P value that is associated with the DL
model was between 0.01 and 0.05, the 95% CI of the pooled effect size and its associated P value were calculated with the use of the HKSJ (23). For each
study, the gray box and the horizontal line denote the central value of the effect size and its 95% CI, respectively. DL, DerSimonian and Laird procedure; EUR,
study that included European-descent subjects; HKSJ, Hartung-Knapp-Sidik-Jonkman procedure; p5, Sth percentile; p95, 95th percentile; RE, random-effects
model; Refsum, reference 59; SMD, standardized mean difference.
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TABLE 5

Pooled effect size for the difference of concentration of OCM markers between GG and CC rs1801198 genotypes'

OCM marker Studies,n GG,n CC,n  Total, n SMD = SE (95% CI of SMD)’ P’ P (95% CD,> % r

Holotranscobalamin 7 256 527 783 —0.445 = 0.116 (—0.673, —0.217) <0.001 48.16 (0.00, 78.10) 0.07
EUR 5 112 195 307 —0.524 = 0.194 (—0.906, —0.141) 0.007  61.02 (0.00, 85.37) 0.04

Vitamin B-12 11 2583 4278 6861 —0.099 = 0.144 (—0.381, 0.183) 0.49 91.67 (87.09, 94.62)  <0.0001
EUR 8 2408 3867 6275 0.103 = 0.106 (—0.105, 0.311) 0.33 75.78 (51.45, 87.91) 0.0002

Homocysteine 11 2595 4308 6903 0.112 * 0.058% (—0.020, 0.240)° 0.09° 36.23 (0.00, 68.66) 0.11
EUR 8 2420 3897 6317 0.070 * 0.021° (0.020, 0.120)° 0.01° 0.00 (0.00, 49.59) 0.73

Folates 5 2245 3663 5908 —0.003 = 0.052 (—0.106, 0.099) 0.948  17.67 (0.00, 83.88) 0.30
EUR 4 2214 3584 5798 —0.011 = 0.057 (—0.124, 0.101) 0.846  22.73 (0.00-90.02) 0.27

Methylmalonic acid® 4 2137 3601 5738 0.255 = 0.458 (—0.643, 1.153) 0.58 97.70 (96.09, 98.65)  <0.0001

RBC folates® 4 132 339 471 0.230 = 0.191 (—0.145, 0.605) 0.23 63.23 (0.00, 87.60) 0.04

'EUR, European-ancestry subjects; OCM, one-carbon metabolism; RBC, red blood cell; SMD, standard mean difference.
2 Random-effect model according to the DerSimonian and Laird procedure (22).

312

is the percentage of the observed total variation across studies that was due to real heterogeneity rather than to chance (24).

“Significance for heterogeneity was assessed with the use of the x*-based Q statistic (24).

5 When the P value that was associated with the DerSimonian and Laird model was between 0.01 and 0.05, the 95% CI of the pooled effect size and its
associated P value were calculated using the Hartung-Knapp-Sidik-Jonkman procedure (23).

®No analysis on EUR was performed because of the low number of studies.

between rs1801198 and primary risks of congenital abnormali-
ties, cancer, or Alzheimer disease.

In patients who presented with a suspicion of cobalamin de-
ficiency, the clinical picture represents the most important factor
because, to our knowledge, no single gold-standard test defines
cobalamin status with a high degree of accuracy (60). Guidelines
for the diagnosis and treatment of cobalamin disorders from the
British Committee for Standards in Haematology state that, al-
though serum cobalamin currently remains the first-line test,
holotranscobalamin is potentially useful as a first-line test in
conjunction with homocysteine and MMA (60). The lack of a
diagnostic gold standard limits the ability to weigh the diagnostic
accuracies of holotranscobalamin and MMA for a confident
diagnosis of cobalamin deficiency or subclinical cobalamin de-
ficiency (61). In this context, combining cobalamin or holo-
transcobalamin with an MMA assessment has been suggested
as a valuable approach (62, 63).

The present meta-analysis revealed a significant effect of
rs1801198 on holotranscobalamin, but it failed to show a sig-
nificant association of this genetic polymorphism with MMA
concentrations. These data are consistent with the previous
demonstration that rs1801198 influences the cellular expression
and plasma concentration of TCN2 (13, 14). MMA is a metabolic
marker of cobalamin deficiency, which does not directly reflect
the concentration of holotranscobalamin (3); rs1801198 might
be associated with an increase of MMA only in subjects with
subnormal or borderline serum vitamin B-12 concentrations.
These subjects represent a very-small subset of the populations
who were included in our meta-analysis. From a statistical point
of view, the lack of an association between rs1801198 and the
MMA concentration could be considered cautiously, taken into
account the low number of included studies, increased risk of type
II error, and high risk of heterogeneity (P = 97.7%). Indeed, on
the basis of calculated pooled means, the number of studies that
were required to reach significance for MMA was 11. As a general
comment regarding the lack of an association between rs1801198
and the MMA concentration, it could be assume that the “Absence
of evidence is not evidence of absence” (64) and that additional
well-powered studies should assess this association.

The present meta-analysis did not report a significant association
between rs1801198 and primary risk of congenital abnormalities
including spontaneous abortion, female infertility, neural tube
defect, cleft lip, omphalocele, and Down syndrome. No significant
association was shown when subgroup analyses were performed
according to congenital abnormality subtype. Furthermore, visual
inspection of the funnel plots did not show the asymmetry that is
typically associated with publication bias. Further high-quality,
well-designed genetic-association studies are warranted to clar-
ify the potential involvement of genetic variants of TCN2 in the
determinism of primary risk of congenital abnormalities.

We did not report a significant association between rs1801198
and primary risk of cancer. Results from randomized trials led to
mixed results regarding the relation between folic acid, vitamin
B-6, and vitamin B-12 treatment and cancer risk modifica-
tion (65-67). In the Women’s Antioxidant and Folic Acid Car-
diovascular Study in 5442 US female health professionals with
preexisting cardiovascular disease or =3 coronary risk factors
who were treated for 7.3 y, a combined folic acid, vitamin B-6,
and vitamin B-12 treatment had no significant effect on overall
risk of total invasive cancer or breast cancer (67). Consistently, a
double-blind randomized controlled trial of 12,064 survivors of
myocardial infarction in secondary care hospitals in the United
Kingdom between 1998 and 2008 showed that folic acid and
vitamin B-12 supplementation was not associated with adverse
effects on cancer incidence (65). However, a combined analysis
and extended follow-up of participants from 2 randomized,
double-blind, placebo-controlled, clinical trials (the Norwegian
Vitamin Trial and the Western Norway B Vitamin Intervention
Trial) in a total of 6837 patients with ischemic heart disease who
were treated with B vitamins or a placebo between 1998 and 2005
showed an association with increased cancer outcomes (HR: 1.21;
95% CI: 1.03, 1.41; P = 0.02) and cancer-related mortality (HR:
1.38; 95% CI: 1.07, 1.79; P = 0.01) in Norway, where there is no
folic acid fortification of foods (66). The disparity in these results
could be related to the effective metabolic availability of vitamin
B-12 through the holotranscobalamin concentration. Future trials
should take into account the holotranscobalamin concentration
in addition to the cobalamin concentration.
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A Vitamin B12 (rs1801198, GG minus CC)

First author, year (Reference)

SMD (95% ClI)

Miller, 2002 (EUR) (26) —H- -0.270 (-0.773, 0.232)
Fodinger, 2003 (EUR) (27) —— 0.158 (-0.353, 0.669)
Wans, 2003 (EUR) (28) R o -0.037 (-0.500, 0.426)
Zetterberg, 2003 (EUR) (29) —— -0.388 (-0.994, 0.217)
McCaddon, 2004 (EUR) (30) —{0— 1.578 (0.893, 2.263)
Winkelmayer, 2004 (EUR) (33) -E:]- -0.053 (-0.267, 0.160)
von Castel-Dunwoody, 2005 (31) -0 0.124 (-0.169, 0.418)
Fredriksen, 2007 (EUR) (34) I';] 0.036 (-0.019, 0.092)
Garrod, 2010 (32) -+ 0.000 (-0.278, 0.278)
Stanistawska-Sachadyn, 2010 (EUR) (35) E'D' 0.263 (0.039, 0.487)
Sawaengsri, 2016 (36) —_— i -2.555 (-3.094, -2.016)
RE: DL model P=0.49 ’: -0.099 (-0.381, 0.183)
Test for heterogeneity: = 91.67%; P < 0.0001 |

RE: DL model (European-descent) P =0.33 '0 0.103 (-0.105, 0.311)

Test for heterogeneity: 12 = 75.78%; P = 0.0002

-4 -3 -2 -1 0 1 2 3
Standardized Mean Difference
B Folate (rs1801198, GG minus CC)
First author, year (Reference) SMD (95% CI)
Fédinger, 2003 (EUR) (27) —_— 0.106 (-0.405, 0.616)
Wans, 2003 (EUR) (28) T 0.405 (-0.062, 0.873)
Winkelmayer, 2004 (EUR) (33) - -0.050 (-0.264, 0.163)
Fredriksen, 2007 (EUR) (34) O -0.041 (-0.097, 0.014)
Sawaengsri, 2016 (36) e 0.176 (-0.242, 0.594)
RE: DL model P=0.95 ? -0.003 (-0.106, 0.099)
Test for heterogeneity: F =17.67%; P =0.30 i
I f T T T 1
-0.5 0.0 0.5 1.0 15 2.0

Standardized Mean Difference

FIGURE 3 SMD in vitamin B-12 (A) and folate (B) between subjects with GG and CC genotypes for the rs1801198. The calculated summary effects are
denoted by the solid diamonds at the bottom of the forest plots, the widths of which represent the 95% ClIs. For each study, the gray box and the horizontal line
denote the central value of the effect size and its 95% CI, respectively. DL, DerSimonian and Laird procedure; EUR, study that included European-descent

subjects; RE, random-effects model; SMD, standardized mean difference.

Our meta-analysis has several strengths. First, the literature
search was comprehensive, and to our knowledge, we identified
all relevant studies that have assessed potential genetic associ-
ations with the TCN2 rs1801198 variant. Second, the study
quality and post hoc study power were systematically evaluated
to assess the robustness and quality of each pooled effect size.
Third, when appropriate, meta-analyses regarding the associa-
tion between rs1801198 and OCM markers were systematically
performed before and after the exclusion of subjects with non-
European ancestry. Fourth, we used a random-effects model,
which provided a more conservative result with wider Cls, and
systematically assessed publication bias. Fifth, the present meta-
analysis assessed the pooled effect size from all genetic asso-
ciation studies on OCM-related biologic traits and pathologic
conditions leading to an overview of the physiology-pathology
spectrum that is related to TCN2.

We acknowledge several limitations in this meta-analysis.
The potential for statistical heterogeneity is always present
when combining case-control studies, which is the reason why
we used a random-effects model in the analysis that provides
conservative quantitative results. Second, the meta-analysis
of studies that have assessed the association between
rs1801198 and MMA, folate, and RBC folate included <5
studies with consequent risk of type II error. Third, meta-
analyses that have assessed the association of rs1801198 with
primary risk of pathologic conditions included genetic-
association studies with relatively low quality and, thus, should
be interpreted with caution. Fourth, the present meta-analysis
did not assess genetic association studies on rs1801198 accord-
ing to folate status, and notably, those dealing with pathologic
conditions (15). Future genetic association studies should address
this issue.
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A Congenital abnormalities (rs1801198 CC vs. CG/GG)

First author, year (Reference)

OR (95% CI)

Zetterberg, 2002 (37) e s i 0.211 (0.088, 0.503)
Parle-McDermott, 2005 (38) e 0.851 (0.551, 1.314)
Kim, 2014 (39) - 0.839 (0.568, 1.239)
Altmie, 2010 (40) — 1,018 (0.573, 1.806)
RE: DL model (SA and Fl) P = 0.15--> 0.700 (0.433, 1.131)
Test for heterogeneity: 2 = 69.58%; P = 0.02
Afman, 2002 (41) —_—{— 0.823 (0.351, 1.925)
Pietrzyk, 2003 (42) —_— 1.301 (0.696, 2.433)
Candito, 2008 (43) —lt— 0.686 (0.343, 1.373)
Godbole, 2011 (44) —_— 0.937 (0.561, 1.565)
Godbole, 2011 (44) —— 0.825 (0.544, 1.252)
RE: DL model (NTD) P=039 = 0.894 (0.694, 1.152)
Test for heterogeneity: 2 = 0.00%; P =0.71
Martinelli, 2006 (45) =l 1.436 (0.993, 2.078)
Jin, 2015 (46) - 1.108 (0.781, 1.573)
Waltrick-Zambuzzi, 2015 (47) = 0.921 (0.693, 1.225)
RE: DL model (CL) P=0.41 1.112 (0.863, 1.433)
Test for heterogeneity: 2 = 42.63%; P =0.16 i
Biselli, 2008 (48) —_— 1.238 (0.674, 2.273)
Fintelman-Rodrigues, 2009 (49) —E-D— 1.232 (0.717, 2.115)
Zampieri, 2012 (50) —— 0.978 (0.600, 1.594)
Liao, 2014 (51) — e 0.645 (0.313, 1.328)
RE: DL model (DS) P=0384 - 1,030 (0.774, 1.370)
Test for heterogeneity: = 0.00%; P = 0.49
Mills, 2005 (52) (Omphalocele) —_— 1.407 (0.434, 4.559)
RE: DL model (whole analysis) P=0.51 L 4 0.951 (0.819, 1.104)
Test for heterogeneity: 2 = 31.32%; P =0.11 E
I T T T —TTTTTm
0.1 1 10
Odds ratio

B Congenital abnormalities (rs1801198 GG vs. CG/CC)

First author, year (Reference)

OR (95% Cl)

Zetterberg, 2002 (37) ——— 1.466 (0.727, 2.958)
Parle-McDermott, 2005 (38) —+0— 1.249 (0.788, 1.982)
Kim, 2014 (39) -0 1.265 (0.835, 1.918)
Altmae, 2010 (40) —_— 1.009 (0.522, 1.949)
RE: DL model (SA and Fl) P=0.10 R 1.241 (0.957, 1.610)
Test for heterogeneity: 2= 0.00%; P = 0.90

Afman, 2002 (41) N 0.644 (0.229, 1.813)
Pietrzyk, 2003 (42) —_—— 2.221 (1.106, 4.458)
Candito, 2008 (43) B ] 1.246 (0.547, 2.837)
Godbole, 2011 (44) —- 0.910 (0.642, 1.289)
Godbole, 2011 (44) il 1.277 (0.953, 1.710)
RE: DL model (NTD) P=030 - 1.176 (0.863, 1.602)
Test for heterogeneity: I? = 41.92%; P=0.14

Martinelli, 2006 (45) —— 0.564 (0.332, 0.957)
Jin, 2015 (46) -~ 0.936 (0.708, 1.239)
Waltrick-Zambuzzi, 2015 (47) d,-D— 1.223 (0.832, 1.800)
RE: DL model (CL) P=0.58 - 0.901 (0.624, 1.300)
Test for heterogeneity: I = 62.84%; P = 0.07

Biselli, 2008 (48) sy — 1.821 (0.743, 4.467)
Fintelman-Rodrigues, 2009 (49) -l 0.663 (0.332, 1.322)
Zampieri, 2012 (50) —— 1.909 (0.929, 3.922)
Liao, 2014 (51) —_——— 0.685 (0.359, 1.309)

RE: DL model (DS)
Test for heterogeneity: I2 = 59.80%; P = 0.06

P=0.80 ——iili—

1.081 (0.607, 1.923)
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Mills, 2005 (52) (Omphalocele) 0.974 (0.291, 3.258)
RE: DL model (whole analysis) P=0.30 * 1.086 (0.928, 1.272)
Test for heterogeneity: 2 = 32.90%; P = 0.09 3
I T T —TTTTTT
0.1 1 10
Odds ratio

FIGURE 4 Effect sizes of studies that assessed primary risk of congenital abnormalities according to rs1801198 that were determined with the use of
a CC compared with CG/GG genetic model (A) or GG compared with CG/CC genetic model (B). The calculated summary effects are denoted by the solid
diamonds at the bottom of the forest plots, the widths of which represent the 95% Cls. For each study, the gray box and the horizontal line denote the central
value of the effect size and its 95% CI, respectively. CL, cleft lip; DL, DerSimonian and Laird procedure; DS, Down syndrome; FI, female infertility; NTD,
neural tube defects; RE, random-effects model; SA, spontaneous abortion.

Taken together, the results of our analyses show that the TCN2 active part of vitamin B-12, it is, therefore, reasonable to state that
polymorphism rs1801198 significantly influences the concentration  this polymorphism may affect diseases that are related to vitamin
of holotranscobalamin. Because holotranscobalamin represents the ~ B-12 deficiency. However, to our surprise, we have not shown any
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TABLE 6

Pooled effect size for the association between rs1801198 and primary risk of congenital abnormalities

Congenital abnormality Cases, n Controls, n OR (95% CI)* P! F (95% CD.> % P

CC/CG + GG
Spontaneous abortion and female infertility 148/640 400/1322 0.700 (0.433, 1.131) 0.15 69.58 (12.40, 89.44) 0.02
Neural tube defects 134/739 211/1157 0.894 (0.694, 1.152) 0.39 0.00 (0.00, 63.65) 0.71
Cleft lip 300/1006 343/1190 1.112 (0.863, 1.433) 0.41 42.63 (0.00, 82.70) 0.16
Down syndrome 134/362 190/516 1.030 (0.774, 1.370) 0.84 0.00 (0.00, 84.05) 0.49
Whole analysis* 72212771 1153/4232 0.951 (0.819, 1.104) 0.51 31.32 (0.00, 61.75) 0.11

GG/CG + CC
Spontaneous abortion and female infertility 151/640 264/1322 1.241 (0.957, 1.610) 0.10 0.00 (0.00, 36.13) 0.90
Neural tube defects 274/739 408/1157 1.176 (0.863, 1.602) 0.30 41.92 (0.00, 78.62) 0.14
Cleft lip 221/1006 267/1190 0.901 (0.624, 1.300) 0.58 62.84 (0.00, 89.38) 0.07
Down syndrome 65/362 88/516 1.081 (0.607, 1.923) 0.80 59.80 (0.00, 86.59) 0.06
Whole analysis* 716/2771 1037/4232 1.086 (0.928, 1.272) 0.30 32.90 (0.00, 62.60) 0.09

! Random-effect model according to the DerSimonian and Laird procedure (22).

212

is the percentage of observed total variation across studies that was due to real heterogeneity rather than to chance (24).

3 Significance for heterogeneity was assessed with the use of the x*-based Q statistic (24).
4 Study by Mills et al. (52) that assessed the association with the primary risk of omphalocele was included in the whole analysis but not in subgroup

analyses because of a lack of other studies on omphalocele.

significant association of the polymorphism rs1801198 with any of
the 2 main groups of diseases (i.e., congenital malformations and
cancer) that have been studied in the literature. Few studies have
focused on neurologic pathologies, which are nevertheless pathol-
ogies that should deserve the most critical attention. In contrast,
none of the studies have considered a specific analysis in subjects
with a low vitamin B-12 concentration. This subset of the pop-
ulation is probably that for which the polymorphism rs1801198 can

have an influence, because we can expect an additive effect when
the holotranscobalamin concentration becomes a limiting factor for
vitamin B-12 bioavailability.

In conclusion, this meta-analysis shows an influence of
rs1801198 on holotranscobalamin and homocysteine concentrations
in European-descent subjects. Further well-designed and powered
studies should be conducted for assessing the association between
rs1801198 and MMA and clinical manifestations that are linked to a

A Cancer (rs1801198 CC vs. CG/GG)

First author, year (Reference)

OR (95% ClI)

Hazra, 2007 (53) —EI-' 0.753 (0.580, 0.978)
Koushik, 2006 (54) —~a- 1.137 (0.870, 1.485)
Semmler, 2006 (55) —— 1.028 (0.742, 1.424)
Kurzwelly, 2010 (56) - 1.338 (0.869, 2.059)
Pawlik, 2012 (57) “+—o— 1.389 (0.854, 2.260)
RE: DL model P=062 4 1.059 (0.846, 1.326)
Test for heterogeneity: 2 = 54.85%; P = 0.07 i
—
0.1 1 10
QOdds ratio
B Cancer (rs1801198 GG vs. CG/CC)
First author, year (Reference) OR (95% Cl)
Hazra, 2007 (53) - 1.094 (0.799, 1.497)
Koushik, 2006 (54) - 0.893 (0.645, 1.237)
Semmler, 2006 (55) —lj— 0.922 (0.663, 1.283)
Kurzwelly, 2010 (56) —_—— 1.000 (0.638, 1.568)
Pawlik, 2012 (57) —u— 0.860 (0.487, 1.519)
RE: DL model P=066 @ 0.964 (0.817, 1.136)
Test for heterogeneity: 2 = 0.00%; P = 0.90 E
I T L] TTrTrrrT I T T LB BB I'II
0.1 1 10
Qdds ratio

FIGURE 5 Effect size for studies that have assessed the primary risk of cancer according to rs1801198 that were determined with the use of a CC
compared with CG/GG genetic model (A) or GG compared with CG/CC genetic model (B). The calculated summary effects are denoted by the solid diamonds
at the bottom of the forest plots, the widths of which represent the 95% CIs. For each study, the gray box and the horizontal line denote the central value of the
effect size and its 95% CI, respectively. DL, DerSimonian and Laird procedure; RE, random-effects model.
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decreased availability of cobalamin, particularly the neurologic
manifestations in subjects with low holotranscobalamin.
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